Arthropods were the first animals to conquer land and air. They encompass more than three quarters of all described living species. This extraordinary evolutionary success is based on an astoundingly wide array of highly adaptive body organizations. A lack of robustly resolved phylogenetic relationships, however, currently impedes the reliable reconstruction of the underlying evolutionary processes. Here, we show that phylogenomic data can substantially advance our understanding of arthropod evolution and resolve several conflicts among existing hypotheses. We assembled a data set of 233 taxa and 775 genes from which an optimally informative data set of 117 taxa and 129 genes was finally selected using new heuristics and compared with the unreduced data set. We included novel expressed sequence tag (EST) data for 11 species and all published phylogenomic data augmented by recently published EST data on taxonomically important arthropod taxa. This thorough sampling reduces the chance of obtaining spurious results due to stochastic effects of undersampling taxa and genes. Orthology prediction of genes, alignment masking tools, and selection of most informative genes due to a balanced taxa-gene ratio using new heuristics were established. Our optimized data set robustly resolves major arthropod relationships. We received strong support for a sister group relationship of onychophorans and euarthropods and strong support for a close association of tardigrades and cycloneuralia. Within pancrustaceans, our analyses yielded paraphyletic crustaceans and monophyletic hexapods and robustly resolved monophyletic endopterygote insects. However, our analyses also showed for few deep splits that were recently thought to be resolved, for example, the position of myriapods, a remarkable sensitivity to methods of analyses.
Introduction
Extensive sequence data from genome and expressed sequence tag (EST) projects were recently used to infer a deep metazoan phylogeny (Bourlat et al. 2006; Roeding et al. 2007; Delsuc et al. 2008; Dunn et al. 2008; Philippe et al. 2009; Hejnol et al. 2009 ). These phylogenomic studies consistently place arthropods within the superphylum Ecdysozoa. These studies are, however, sparse in their sampling of arthropods. Large groups like pancrustaceans are represented by only a few taxa, and important taxa from chelicerates, myriapods, crustaceans, or hexapods are completely missing. EST studies presenting a broader arthropod taxon sampling focus on pancrustacean and hexapod relationships (Timmermans et al. 2008) or on relationships within pterygote insects (Simon et al. 2009 ). Other studies are essentially restricted to multigene analyses comprising larger arthropod data sets. Regier et al. (2008) analyzed 62 arthropod taxa covered by mainly three genes, but only for a small subset of 13 taxa were all 68 gene regions present. This multigene matrix, however, had 71% missing data. A large proportion of missing data within a supermatrix might cause problems for phylogenetic inference (Sanderson 2007; Wiens and Moen 2008) . The most recent study (Regier et al. 2010 ) relies on selected 62 nuclear protein coding genes for 75 arthropod taxa. Important taxa assumed to be positioned at basal splits, like proturans (Hexapoda), are still missing and their data set at an amino acid level is relatively small (ca. 13,000 amino acids). Much attention was drawn to large arthropod data sets inferred from ribosomal RNA (rRNA) genes (Mallatt and Giribet 2006; von Reumont et al. 2009 ). Drawbacks of the rRNA-based studies include a lack of robust signal or conflicts in the data (see von ).
Published by Oxford University Press 2010. Simon et al. (2009). Despite this recent progress, these studies fail to completely resolve the arthropod tree of life, leaving many important questions open.
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To alleviate the limitations of previous studies, we compiled a more comprehensive set of 233 taxa (214 euarthropod taxa plus 3 onychophorans, 2 tardigrades, and 14 outgroup taxa) and 775 putative orthologous genes that cover 350,356 amino acid positions. We contribute data of 11 new EST projects from velvet worms, millipedes, sea spiders, barnacles, copepods, branchiopods, proturans, diplurans, springtails, and bristletails. Recently published data on dragon-and mayflies (Simon et al. 2009 ) were also added. These 13 projects fill critical gaps in the published data (table 1). Previous phylogenomic analyses have shown that beside massive accumulation of data, several additional elements must be part of the analysis pipeline: careful selection of orthologs, consideration of data quality, reduction of data gappiness, and model fitting (Roeding et al. 2007; Dunn et al. 2008; Hartmann and Vision 2008; Philippe et al. 2009 ). Consequently, we used recently developed tools for ortholog gene prediction (Ebersberger et al. 2009 , see supplementary fig. 1 , Supplementary Material online) and alignment masking ), which facilitate a completely reproducible data analysis. Moreover, we applied new heuristics of selecting an optimal data set from a supermatrix to increase the number of taxa with potentially informative genes (supplementary fig. 2 , Supplementary Material online); this contrasts with other recent studies Regier et al. 2010 ) that rely on presence|absence matrices. The logic behind our approach is to reduce effects of poorly represented taxa and of uninformative genes by identifying and filtering these prior to tree reconstruction (see Methods and supplementary figs. 3-5, Supplementary Material online). This preprocessing improves the signal-to-noise ratio in the data and considerably helped to reduce the effort spent in tree reconstructions. Retention of taxa and genes in the supermatrix was based on their contribution to the overall informativeness and the matrix saturation of the data matrix (=num-ber of present gene entries in relation to the total size of the matrix) prior to tree reconstructions, thus allowing a better exploration of tree space.
Materials and Methods

Molecular Techniques
For thirteen arthropod species, cDNA libraries were constructed. Total RNA was prepared with standard kits from tissue or complete specimens preserved in RNA later or liquid nitrogen and stored at −80
• C, or total RNA was directly prepared from living specimens using Urea-phenol following Holmes and Bonner (1973) (table 1) . For crustaceans and apterygote hexapods, RNA preparation was conducted by the Max Planck Institute for Molecular Genetics (MPIMG), Berlin, Germany. The cDNA libraries were constructed using CloneMiner (Invitrogen) or Creator SMART (Clontech, Heidelberg, Germany) at the MPIMG; cDNA libraries for pterygote insects were normalized (Simon et al.
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2009). From cDNA libraries, ESTs were generated by sequencing clones from the 5' end on the automated capillary sequencer system ABI 3730XL (Applied Biosystems, Darmstadt, Germany) using BIGDYE chemistry (Applied Biosystems). Between 3,930 and 10,476 sequences were processed from cDNA libraries (table 1). All single EST sequences were deposited in EMBL (http://www.ebi.ac.uk/embl/) after being quality checked and assembled into unique transcripts (contigs), whereby two projects on pterygote insects originally sequenced for this arthropod study have recently been published (Simon et al. 2009 ).
Sequence Processing and Orthology Assignment
We preprocessed new EST data (table 1) with LUCY (Chou and Holmes 2001) . EST data available for 190 additional euarthropods (myriapods, chelicerates, pancrustaceans) plus 2 onychophorans, 2 tardigrades, and selected species of nematodes, annelids, and molluscs (in total 216 species) were extracted from public databases, dbEST (NCBI), the Gene Index Project or the NCBI Trace Archive (supplementary table 1, Supplementary Material online). We screened all EST sequences for contamination and low-quality ends of sequences. Subsequently, overlapping ESTs from the same taxon were assembled into contigs using the TGICL package (Pertea et al. 2003) . For the orthology prediction with HaMStR (Ebersberger et al. 2009 ), all contigs were translated into amino acid sequences in all reading frames. In total, 244 species were "hamstred" of which 28 species were "proteome" species. Thirteen species were used as primer taxa (supplementary fig. 1 and supplementary table 1, Supplementary Material online). Sequences of vertebrate species were additionally used to train profile Hidden Markov Models (Ebersberger et al. 2009 ) but excluded in further phylogenetic analyses for computational reasons. Eight Drosophila proteome species were also excluded for computational reasons. The HaMStR search identified 775 putative orthologous genes for our original data set (233 species).
Alignments and Alignment Masking
Inferred amino acid sequences of all 775 putative orthologous genes were aligned (supplementary fig. 2 , Supplementary Material online) with MAFFT L-INSI (Katoh and Toh 2008) . The data set comprised 222 euarthropods, 3 onychophorans, 2 tardigrades, 3 vertebrates, 8 nematodes, 3 annelids, and 3 molluscs. Excluding randomly similar aligned sections can make phylogenetic analyses more reliable prior to tree reconstruction (Castresana 2000; Misof and Misof 2009; Kück et al. 2010) . We therefore identified randomly similar sections for all gene alignments separately for each of the 775 genes with ALISCORE on the amino acid level Kück et al. 2010) using default settings and maximal number of pairwise comparisons. In total, 57.62% of originally 826,633 amino acid positions were excluded to increase the signal-to-noise ratio. For each gene, only sequences comprising more than one half of the sequence information were included in the ALISCORE analyses. We masked each alignment with ALICUT (http://www.utilities.zfmk.de) by excluding all randomly similar alignment positions. All masked alignments were concatenated to a masked superalignment comprising 233 taxa and 350,356 amino acid positions.
Selecting an Optimal Subset Using New Reduction Heuristics
With the software MARE (MAtrix REduction) (http://mare .zfmk.de), the relative informativeness of each single gene within a superalignment was calculated based on weighted geometry quartet mapping (Nieselt-Struwe and von Haeseler 2001), extended to amino acid data. Each gene received a value of informativeness between 0.0 and 1.0, reflecting the relative number of resolved quartet trees (supplementary fig. 3 , Supplementary Material online). A data availability matrix indicating present (1) and absent (0) genes was then transformed into a matrix of potential information content of each taxon and gene by multiplying availability (0|1) with scores of informativeness. Relative information content of each gene was calculated as the average value over all taxa including missing taxa. The total average information content P (relative informativeness) of a supermatrix was calculated as the sum of relative information content of all genes in relation to the number of taxa (see supplementary fig. 4 , Supplementary Material online). To select an optimal subset of taxa and genes with high total average information content, we used a simple hill climbing procedure. Reduction starts with dropping either taxon (row) or gene (column) with the lowest average information content, generating a new matrix. In case of ties, genes are excluded. Consequently, taxa or genes with lowest average information content will be discarded from the matrix, yielding a selected optimal subset (SOS) of taxa and genes with increased relative information content (supplementary fig. 5 , Supplementary Material online). We defined the copepod Tigriopus and the chilopod Scutigera as taxon constraints; thus, they were not dropped from the submatrix. Copepods are discussed as a sister group to hexapods (Mallatt and Giribet 2006; von Reumont et al. 2009) , and Scutigera was the only representative of chilopods (Myriapoda). Therefore, we constrained matrix reduction to retain both species as key taxa.
In order to reach an optimum of matrix reduction, we defined an optimality function f (P), which takes into account that size reduction of an original matrix B and low total average informativeness of a reduced matrix B are penalized
with α as a scaling factor (default set to α = 3), λ as the size ratio between reduced B and original matrix B (matrix size defined as #taxa × #genes). P is maximized, if P = 1, reduction stops. The optimality function favors reduction of matrices to high average information content. The connectivity between taxa was set to a minimum number of two overlapping genes and taxa. This means that two sets of taxa must share at least two taxa with both genes. Finally, the original superalignment was rewritten based on the SOS. Details of the new reduction algorithm will be published MBE elsewhere (Misof B, Meyer B, von Reumont BM, Kück P, Meusemann K, unpublished data).
Phylogenetic Analyses
We conducted maximum likelihood (ML) analyses using RAxML Pthreads 7.0.0 (Stamatakis 2006b; Ott et al. 2007) for 1) the original data set (unreduced supermatrix) comprising 233 taxa, 775 genes, and 350,356 amino acid positions and 2) the SOS comprising 117 taxa and 129 genes with an alignment length of 37,476 amino acid positions. The data matrices have been deposited at Treebase (http://purl.org/phylo/treebase/phylows/study/TB2/ S10507). We applied ML tree search and rapid bootstrapping within one step (-f a, 1,000 bootstrap replicates) on the SOS. For the original concatenated supermatrix, we conducted ten single ML tree searches and separate bootstrapping (100 replicates). We chose the ML tree with the best likelihood value to plot bootstrap values (supplementary fig. 6 , Supplementary Material online). All ML analyses were calculated with the PROTMIX (Stamatakis 2006a ) substitution model and the WAG matrix (Whelan and Goldman 2001) .
Bayesian analyses for the SOS were inferred using PhyloBayes version 2.3c running the CAT mixture model (Lartillot and Philippe 2004) . We ran 25 Markov chain Monte Carlo for 20,000 cycles each, sampling every cycle. All parameter values were checked for convergence to define the burn-in (5,000 cycles). To infer a majority rule consensus (mrc) tree, we checked the discrepancy observed across all bipartitions (maxdiff value) of all chains by pairwise comparison and comparing "triple"-chain combinations with the bpcomp tool. Harmonic means of the likelihood values of each chain (burn-in excluded) were calculated. To infer the Bayesian mrc tree, we included three chains showing the lowest maxdiff value (0.186) while featuring the best likelihood values (harmonic means) of all "triple-chain combinations" (table 2). All trees were rooted with Mollusca.
To identify "unstable" taxa, we calculated leaf stability indices (Thorley and Wilkinson 1999) from the collected bootstrap trees of the ML analysis using Phyutility (Smith and Dunn 2008) . We defined a threshold of <95% as unstable. All analyses ran for several months on Linux Clusters, HP ProLiant DL380 G5 blades (Dual quad core Intel Xeon E5345, 2.33 GHz, 2x 4MB L2-cache, 1333 MHz Bus, 32 GB RAM), of the ZFMK (molecular unit) and the RRZK (Regional Computing Center of Cologne) utilizing HPC resources (HP ProLiant, Dual quad core Intel Xeon E5345, 2.33 GHz, 2x 4MB L2-cache, 1333 MHz Bus, 32 GB RAM). RRZK resources were provided by the SuGI (Sustainable Grid Infrastructure) project (Project leader: V. Achter, University of Cologne funded by the BMBF).
Consensus Network of Single Bayesian Topologies
Due to differences between single topologies of the 25 PhyloBayes ) chains, we computed a consensus network (Holland and Moulton 2003) with SplitsTree 4.8 (Huson and Bryant 2006) . This is a method to identify contradictory signal that cannot be displayed with a simple mrc tree. To visualize conflicts and contradictory signal, we chose a threshold of 0.01 and incorporated averaged edge weights.
Results and Discussion
The SOS ML and Bayesian tree reconstruction of the SOS resolved arthropod relationships with several strongly supported nodes (figs. 1 and 2 and table 3). In contrast, the tree based on the original supermatrix is in many respects unresolved or shows low support values (supplementary fig. 6 , Supplementary Material online). This comparison suggests that the strategy to compute an SOS is successful, for example, improves tree robustness and clades that are widely accepted in the literature (e.g., Hexapoda, Ectognatha, Endopterygota, Coleoptera, Lepidoptera), which was not the case for the unreduced data set. Thus, the discussion of the phylogenetic relationships focuses on the SOS.
Incongruences in Bayesian Analyses
The 25 Bayesian runs did not converge on a single topology (see Methods; fig. 3 ). Some clades, for example 
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(Onychophora, Euarthropoda), Pancrustacea, Branchiopoda as a sister group to Hexapoda and Nonoculata (Protura, Diplura), emerged in all chains with maximal support. Other clades differed between consensus trees inferred from single chains. These incongruences were caused by unstable positions of few taxa ( fig. 3 ): 1) Mandibulata (Myriapoda + Pancrustacea) were found maximally supported in consensus trees of two runs. Both runs show comparatively low harmonic means of likelihoods. In all other runs, myriapods clustered with chelicerates with negligible to moderate support (posterior probability pP 0.52-0.89).
2) The barnacle Pollicipes (Cirripedia, Crustacea) emerged as a sister group to copepods in only one run (pP 0.51). However, the alternative clade (Pollicipes + Malacostraca) ( fig. 2) showed a wide range from 0.56 to 0.96 pP in other runs.
3) The bristletail Lepismachilis (Archaeognatha) was inferred as a sister group to Blattaria + Isoptera in several runs, showing moderate or low support (pP 0.52-0.82). Additionally, Pediculus (Phthiraptera) emerged as a sister group to this clade (pP 1.0) in these runs. Likelihoods (harmonic means), however, were lower compared with runs used for our Bayesian consensus tree ( fig. 2) , and results of these runs were rejected after a Bayes factor test (Kaas and Raftery 1995; Nylander et al. 2004 ). 4) Among butterflies (Lepidoptera), five different topologies with distinctive clades were found. Differences occurred among Yponomeutoidea, Papilionoidea, Pyraloidea, Tortricoidea, and Noctuidea. Incongruent consensus trees might reflect different local optima despite extensive sampling.
Are the Enigmatic Tardigrades and Onychophorans Arthropods sensu latu?
Chelicerates, myriapods, crustaceans, and hexapods show highly derived differentiations of segments and segmental appendages (Edgecombe 2009 ). Tardigrades and onychophorans display a mosaic of plesiomorphic and autapomorphic features of segmental differentiation. The evolution of the arthropod bauplan, as, for example, the evolution of segmentation, appendages, and the central nervous system, can thus be understood only if the phylogenetic positions of tardigrades and onychophorans are resolved (see reviews in Budd and Telford 2009 and Edgecombe 2009 ).
Tardigrades are tiny animals with morphological characters reminiscent of both Arthropoda and Cycloneuralia (the latter named for their circumpharyngeal nerve ring shared by Nematoda, Nematomorpha (horsehair worms, insect parasites), Priapulida (penis worms), Kinorhyncha (mud dragons), and Loricifera; see Giribet 2003; Edgecombe 2009 ). Arthropod-like characters include the segmented body, limbs, the presence of a peritrophic membrane, and a ladder-like central nervous system (Giribet 2003) . In contrast, structures of mouth, pharynx, cuticle, and sensory organs resemble those of Cycloneuralia (Giribet 2003) . Traditionally, tardigrades have been allied with arthropods, an assumption that has been corroborated by molecular studies based on rRNA (Mallatt et al. 2004) . Such a clade Tardigrada + Onychophora + Euarthropoda (Panarthropoda) would be compatible with the hypothesis of an evolution of segmentation (including differentiation of the muscular tube, etc.), segmented appendages, and a ladderlike central nervous system within this clade. Alternatively, a sister group relationship of tardigrades with Cycloneuralia (nematodes and allies) would imply either a very ancient evolution of a segmented body plan and a loss of these characteristics within derived Cycloneuralia (including a reversal to an undifferentiated muscular tube) or an independent evolution of segmental characters within Cycloneuralia. A robustly resolved position of tardigrades has a strong impact on our interpretation of the evolution of segmentation.
In our analyses, tardigrades (Hypsibius and Richtersius) emerge as a sister group of nematodes (bootstrap support 100%, pP 1.0), which is in line with recent findings by Roeding et al. (2007) , Lartillot and Philippe (2008) , and Bleidorn et al. (2009) . These studies had been based on different gene selections. In contrast, Dunn et al. (2008) , applying the CAT model (Lartillot and Philippe 2004 ) of amino acid evolution, found tardigrades either as a sister group of arthropods (including onychophorans) or applying the WAG model, as a sister group of nematodes and nematomorphs, in both cases only weakly supported. Phylogenetic analyses based on morphological characters are similarly ambiguous and support contradicting results. Either panarthropods (including tardigrades, Edgecombe 2009) are favored, or an unresolved clade (Tardigrada + Onychophora + Euarthropoda) is represented in Budd and Telford (2009) , or tardigrades are positioned outside the (Onychophora + Euarthropoda) clade (Zantke et al. 2008) . Currently, there is no conclusive hypothesis compatible with the contradicting morphological and molecular data about the position of tardigrades within the metazoan tree. This clearly impedes our understanding of the evolution of segmentation within Ecdysozoa.
Onychophorans strongly resemble arthropod-like animals with, for example, a reduction of locomotory cilia, a body cavity with a pericardial septum, a heart with ostia, segmental nephridia with sacculi, the presence of clawed ventral appendages, and the absence of metameric larvae. Deviant from arthropods, onychophorans lack, for example, a complete disintegration of the muscular tube into segmentally arranged muscle systems, segmentally arranged sclerotized exoskeletal structures, and a fully ganglionated organization of the central nervous system. Earlier morphological and molecular analyses have placed onychophorans as either a sister group to Tardigrada + Euarthropoda (Budd and Telford 2009) or sister group to Euarthropoda (Roeding et al. 2007; Dunn et al. 2008; Edgecombe 2009 ), thus leaving the position of onychophorans unresolved. ML ( fig. 1) and Bayesian ( fig. 2 ) analyses of our SOS resolve the position of the onychophorans and show strong support for the clade Onychophora + Euarthropoda. A clade Onychophora + Euarthropoda is compatible with the view that fully differentiated segmentation, including ganglionization of the central nervous system evolved in a common stem-lineage of onychophorans and euarthropods. This view implies that onychophorans primarily lack many characteristics of the euarthropod body organization (Hou and Bergström 1995; Edgecombe 2009 ). The interpretation of the fossil record of "lobopodian"-grade organisms as possible stem group A Phylogeny of Arthropods Based on New EST Data · doi:10.1093/molbev/msq130 Log-likelihood (harmonic means) of all log likelihood values, 20,000 cycles per chain, burn-in (5,000 cycles) excluded; chain combination consisting of three chains each per combination (triple) for which the maxdiff value <0.3; maxdiff: discrepancy value observed across all bipartitions for the given triple chain (PhyloBayes tool).
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representatives of euarthropods is also compatible with this conclusion (Hou and Bergström 1995) .
Euarthropoda Including Pycnogonids Favored over the "Cormogonida"
The monophyly of euarthropods is well established, whereas relationships within euarthropods, between myriapods, sea spiders, chelicerates, crustaceans, and hexapods are problematic (compare results of Dunn et al. 2008; Regier et al. 2008 Regier et al. , 2010 von Reumont et al. 2009 ). Sea spiders (Pycnogonida) represent an extremely aberrant group of arthropods. Earlier morphological and molecular studies have placed sea spiders either as a sister group of Euchelicerata Brenneis et al. 2008; Dunn et al. 2008) or considered them as the first branch of euarthropods ("Cormogonida" hypothesis, Zrzavý et al. 1998; Maxmen et al. 2005) . Although the position of sea spiders is not resolved in the ML tree ( fig. 1) , the Bayesian tree ( fig. 2) shows monophyletic chelicerates including sea spiders with high support (pP 0.99). This result corroborates other phylogenomic analyses Regier et al. 2010 , but weakly supported) as well as hox gene and neuroanatomical studies (Jager et al. 2006; Brenneis et al. 2008) , which demonstrated the homology of deuterocerebral MBE appendages of sea spiders and euchelicerates. It suggests that sea spiders should be included within chelicerates. Our results are inconclusive regarding the position of the pycnogonids, comparing the ML and the Bayesian reconstruction, but the latter agrees with established "nonmolecular" data (Jager et al. 2006; Brenneis et al. 2008 ) that support pycnogonids as a sister group to Euchelicerata.
The Position of Myriapoda Cause Problems to Address Mandibulata versus Myriochelata
Monophyly of mandibulate arthropods (Myriapoda + Crustacea + Hexapoda) has received substantial support from morphological studies (Richter 2002; Harzsch et al. 2005; Harzsch 2006; Scholtz and Edgecombe 2006; Müller et al. 2007; Bäcker et al. 2008) and from some molecular analyses Regier et al. 2008 Regier et al. , 2010 Grimaldi (2010) . Both hypotheses utilize the presence of complex character systems supporting each view (Harzsch 2006; Bäcker et al. 2008; Mayer and Whintington 2009 ). Molecular evidence, however, has recently accumulated for a clade Myriapoda + Chelicerata, coined Myriochelata (Pisani et al. 2004 ), or Paradoxopoda (Mallatt et al. 2004 ). This conflicts with the Mandibulata concept (Mallatt et al. 2004; Roeding et al. 2007; Dunn et al. 2008) . At the same time, recent studies have demonstrated a high sensitivity of reconstructing Paradoxopoda with respect to gene choice, taxon sampling, and outgroup selection Philippe et al. 2009 ). The most recent study addressing this issue was published by Regier et al. (2010) based on nuclear, mainly nonribosomal proteincoding genes, which again supports Mandibulata. Ribosomal proteins, however, are hardly considered and this result should be interpreted with caution. Furthermore, there is little morphological data supporting a clade Paradoxopoda (Mayer and Whintington 2009) in contrast to data supporting Mandibulata (Wägele 1993; Harzsch 2006; Bäcker et al. 2008) . A clade Paradoxopoda would imply the independent evolution of the labium, the loss of the second pair of antennae, and the independent evolution of ectodermal malphigian tubules in myriapods and hexapods. In our analyses (including ribosomal and nonribosomal single copy genes), the position of myriapods is not resolved. In the Bayesian tree, myriapods emerge as a sister group to chelicerates with low support. In the ML tree, relationships between myriapods, sea spiders, euchelicerates, and pancrustaceans remain unresolved. The results of our phylogenomic analyses and rRNA-based analyses (e.g., von ) indicate that the unstable position of myriapods is not caused by a single myriapod taxon but probably is related to a systematic phenomenon of myriapod molecular evolution. To resolve the myriapod position in the arthropod tree, we therefore need to better understand heterogeneity of substitutional processes among arthropods and to include all myriapod groups in phylogenomic analyses.
Pancrustacea with Branchiopoda as a Sister Group to Hexapoda
Our data support a clade Crustacea + Hexapoda (Pancrustacea, 100% bootstrap support and 1.0 pP). Within crustaceans, relationships are still far from being resolved. Representatives of important crustacean groups are still not covered by EST data. Only few published nonmalacostracan EST projects exist (Branchiopoda, Copepoda, and Cirripedia, presented in this study) (Stillman et al. 2008) . Therefore, discussing the sister group of hexapods requires caution, and further EST data for representatives of major crustacean groups (e.g., Remipedia, Leptostraca) are required.
In rRNA-based studies, copepods (Cyclopidae) were found to be a sister group to hexapods (Mallatt and Giribet 2006; Mallatt et al. 2010; von Reumont et al. 2009 ). In our analyses, Branchiopoda consistently emerge as a sister group to Hexapoda (1.0 pP in the Bayesian approach and moderately supported 92% bootstrap support in ML analyses). This corroborates results of other single-and multigene analyses (Regier et al. 2005; Dunn et al. 2008; Mallatt et al. 2010; Philippe et al. 2009 ). This well-supported clade Branchiopoda + Hexapoda conflicts with described potential synapomorphies of Malacostraca and Hexapoda (Harzsch 2006) , for example, the presence of a third neuropil and chiasmata of the lateral eyes. Ertas et al. (2009) suggest a close relationship of Remipedia and Hexapoda based on hemocyanin. This result is underpinned by neuroanatomical data (Fanenbruck et al. 2004; Fanenbruck and Harzsch 2005) . Regier et al. (2010) inferred a clade "Xenocarida" with Remipedia + Cephalocarida as a sister group to Hexapoda, with low support at the amino acid level and high support at nucleotide level. Remipedia as the sister group to Cephalocarida is contradicted by new data on Remipedia larvae (Koenemann et al. 2007 (Koenemann et al. , 2009 ). The incongruence between molecular and morphological results concerning the sister group relationship of hexapods cannot be resolved yet. Careful analyses of signal quality in molecular and morphological data are still required, along with more molecular data on Remipedia and Cephalocarida.
Monophyletic Hexapoda, Entognatha, and Ectognatha
Based on morphological analyses, hexapods are assumed to be monophyletic (Dohle 2001; Bitsch and Bitsch 2004; Harzsch et al. 2005; Harzsch 2006; Ungerer and Scholtz 2008) . The monophyly of ectognathous hexapods (Archaeognatha + pterygote insects, see Hennig 1981; Kristensen 1991) seems well founded by single-gene analyses (e.g., Kjer et al. 2006; Misof et al. 2007; von Reumont et al. 2009) , is supported by nuclear protein-coding genes (Regier et al. 2010) , and also corroborated by our phylogenomic data; this clade "has likewise never been seriously challenged" (Grimaldi 2010) .
In contrast, the monophyly of entognathous hexapods (Protura, Diplura, and Collembola) is generally ambiguous (see review of Grimaldi 2010) . The interpretation of character states within entognathous hexapods is difficult because of extreme adaptations to subterranean or cryptic MBE habitats. The presence of many plesiomorphic character states (e.g., presence of fully musculated antennae, abdominal appendages, anameric development [Protura], unsegmented tarsi) gives them an important role in understanding the evolution of hexapods. Our Bayesian and ML analyses recovered Entognatha as a monophyletic group, albeit weakly supported. Within Entognatha, we obtain strong support for a sister group relationship of Protura and Diplura, a clade coined Nonoculata (Luan et al. 2005) . This corroborates recent single-gene analyses (Dell'Ampio et al. 2009; Mallatt et al. 2010; von Reumont et al. 2009 ). Morphological evidence for this clade is still ambiguous (Szucsich and Pass 2008) . Our results disagree with inferred relationships of primary wingless hexapods based on mitochondrial data (Nardi et al. 2003; Carapelli et al. 2005 Carapelli et al. , 2007 . Those authors proposed the polyphyly of hexapods with a placement of springtails (Collembola) as a sister group to other pancrustacean taxa, implying that features of the hexapod bauplan evolved at least twice. Reanalyses of these mitochondrial data (Delsuc et al. 2003 ) yielded monophyletic hexapods (although weakly supported). Those analyses, however, never included proturans. Also in recent studies, both Protura and Diplura (e.g., Timmermans et al. 2008; Aleshin et al. 2009 ), or at least Protura, are missing (Regier et al. 2008 (Regier et al. , 2010 . Including these orders is indispensable to infer deep hexapod relationships. Our analyses based on much more extensive phylogenomic data, including all orders of monocondyl, primary wingless hexapods, yielded strong support for monophyletic hexapods. We conclude that hexapods are monophyletic and that the distinctive bauplan evolved only once.
Relationships among pterygote insects are still disputed. A puzzling problem is the early evolution of winged insects (Whitfield and Kjer 2008) . Mayflies, dragonflies, and neopterous winged insects appear early in the fossil record. Morphological and molecular analyses support a clade (Odonata (Ephemeroptera + Neoptera)) coined "Chiastomyaria" (Boudreaux 1979; Kjer 2004) , or "Metapterygota" (Ephemeroptera (Odonata + Neoptera)) (see Zhang et al. 2008; Börner 1909) , or "Palaeoptera" ((Odonata + Ephemeroptera) Neoptera) (see Hennig 1981; Kukalová-Peck 1983) . Most molecular analyses support either a "Chiastomyaria" or "Palaeoptera" clade (see discussion in Simon et al. 2009 ). A possible explanation for the difficultto-resolve relationships is an "explosive radiation" once flight evolved (Whitfield and Kjer 2008) . Our phylogenomic data are inconclusive in ML tree reconstructions, but strongly support "Palaeoptera" in Bayesian analyses. Convincing morphological synapomorphies for Paleoptera and Neoptera are lacking.
Within neopterous insects, relationships among endopterygote insects are a major focus of scientific activity. For example, it is unclear whether beetles + neuropteridans (Neuropteroidea) branch off first or whether hymenopterans are the sister group to all other endopterygote insects (Kristensen 1999; Kukalová-Peck and Lawrence 2004; Beutel and Pohl 2006; Wiegmann et al. 2009 ). Our analyses strongly support most orders of Endopterygota ( figs. 1 and 2) . Several of these clades corroborate previous results based on single nuclear genes ). Our phylogenomic approach also unambiguously supports hymenopterans as the sister group to all other endopterygote insects and corroborates previous studies (e.g., Savard et al. 2006; Simon et al. 2009; Wiegmann et al. 2009 ) in contrast to conclusions based on complete mitochondrial genomes (Castro and Dowton 2005) . This result will be extremely important in interpreting and understanding early extinct endopterygote insects and the evolution of this most species-rich group of arthropods.
Conclusions
We show that phylogenomic studies, although raising hope to reach a resolved arthropod tree, still face challenges in interpreting the strength and quality of the phylogenetic signal. We also illustrate unresolved incongruences between morphological and molecular analyses. This, in our opinion, should challenge systematists of every camp to present the strength, quality, and deficiencies of their evidence and work toward resolving outstanding issues.
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